Introduction {#Sec1}
============

The interplay between superconductivity (SC) and density wave orders has been a central issue in high-temperature superconductors such as cuprates and iron-based superconductors^[@CR1]^. The recent discovery of a charge-density wave (CDW) phase in the middle of the pseudogap region of cuprates^[@CR2]--[@CR7]^ has revitalized interest in the interplay between SC and CDW orders in other unconventional superconductors, such as the layered transition-metal dichalcogenides, in particular the well-studied 2*H*-NbSe~2~^[@CR8]--[@CR11]^. This system has fascinated investigators for decades due to the microscopic coexistence of CDW (*T*~CDW~ = 33 K) and SC (*T*~c~ = 7.2 K) states^[@CR12],[@CR13]^. The coupling between the two long-range orders is apparently responsible for the observability of the elusive Higgs bosonic amplitude mode of the superconductor^[@CR14],[@CR15]^, revealed by Raman scattering on 2*H*-NbSe~2~^[@CR16],[@CR17]^.

Despite intense effort, however, a key question regarding the nature of the coupling of the two orders in this system is still under debate. In recent years, the conventional weak coupling picture where CDW and SC compete for parts of the Fermi surface has been challenged by the realization that the electron-phonon coupling is very strong due to the two-dimensional confinement of the Nb layer^[@CR10],[@CR18]--[@CR21]^. In such a situation, the usual mean field picture of a CDW order with rigid amplitude and phase disappearing at *T*~CDW~ may no longer be valid, as the short-range CDW order together with a gap in the electronic spectrum has been observed outside the long-range ordered phase^[@CR22]^.

The situation in 2*H*-NbSe~2~ is complicated by the complex electronic bandstructure of this material and apparent multiband SC with two effective gaps^[@CR23]^. Different superconducting gaps on different Fermi surface sheets were inferred from angle-resolved photoemission spectroscopy (ARPES) by Yokoya et al.^[@CR24]^ and thermal conductivity measurements by Boaknin et al.^[@CR25]^. Kiss et al.^[@CR26]^ proposed that the CDW actually boosts the SC, based on the correlation with the largest electron-phonon coupling and lowest Fermi velocities at the same *k*-points. Borisenko et al.^[@CR27]^ observed Fermi arcs, suggesting that the CDW inhibits the formation of superconducting order by gapping the nested portion of the Fermi surface.

The pressure dependence of *T*~CDW~ and *T*~c~ is another way to study the interplay between SC and CDW orders. Leroux et al.^[@CR28]^ suggest that the pressure and temperature dependence of the phonon dispersion, observed by inelastic X-ray scattering, supports the insensitivity of *T*~c~ to the CDW transition. However, Feng et al.^[@CR29]^ reported a broad regime of order parameter fluctuations in X-ray diffraction (at *T* = 3.5 K) and attributed it to the presence of a CDW quantum critical point (*P*~CDW~ = 4.6 GPa) buried beneath the superconducting dome^[@CR29]^. They also claimed that this is partially consistent with the increasing *T*~c~ under pressure up to about 4.6 GPa^[@CR30]^. Suderow et al.^[@CR31]^ proposed a peculiar interplay among SC, CDW order, and Fermi surface complexity, based on the mismatch between the suppression of *T*~CDW~ at 5 GPa and the maximum *T*~c~ at 10.5 GPa. Chatterjee et al.^[@CR22]^ studied the effect of transition-metal doping on the CDW state using ARPES, X-ray diffraction, scanning tunneling microscopy (STM), and resistivity, and showed that short-range CDW order with an energy gap survives at high temperatures and high disorder beyond the phase coherence transition.

Another way to probe CDW and SC states is to introduce non-magnetic point-like disorder^[@CR32]--[@CR36]^. Electron irradiation, which has been shown to create pure atomic disorder without doping the system as deduced from Hall effect measurements, is an effective tool to influence both the SC and other orders^[@CR37],[@CR38].^ Moreover, independent simultaneous measurements of *T*~c~, *T*~CDW~, and low-temperature London penetration depth in the same samples with controlled point-like disorder become powerful techniques that can distinguish different types of superconducting pairing such as *d*-wave, *s*~±~, and *s*~++~ pairings^[@CR34],[@CR35],[@CR39]^. Indeed, this approach was successfully used in various iron-based superconductors^[@CR36],[@CR37],[@CR40],[@CR41]^. According to early studies of the effect of electron irradiation on NbSe~2~ by Mutka et al.^[@CR32]^, an increase of *T*~c~ was reported but attributed to inhomogeneous SC. This result was theoretically discussed by Grest et al.^[@CR33]^ and Psaltakis et al.^[@CR42]^, but direct evidence determining the effect of homogeneously distributed disorder on the interplay between CDW and SC states is still missing.

In this study, we systematically investigate the effect of controlled point-like disorder on SC and CDW order in 2*H*-NbSe~2~. The disorder is generated by applying 2.5 MeV electron irradiation with different doses. For each dose, the changes in *T*~c~, residual resistivity, Hall coefficient, and London penetration depth are measured. For low irradiation doses, *T*~c~ shows non-monotonic behaviour, first increasing slightly and then decreasing until a critical dose of 1.0 C cm^−2^ where it drops abruptly. At this critical dose, the long-range CDW feature in resistivity disappears as well. The vanishing of *T*~CDW~ appears to be discontinuous. Upon further irradiation, we find the existence of persistent short-range CDW correlations based on X-ray scattering and Hall resistivity measurements, and attribute the abrupt drop in *T*~c~ to the loss of coherence of the phase-coherent CDW order. Among various possible mechanisms, we conclude that the effect of the reconstruction of the electronic structure by the CDW leads to a rapid change of electron-phonon scattering at the critical dose of 1.0 C cm^−2^, explaining the remarkable qualitative change in the Hall effect and the abrupt drop of *T*~c~. This represents clear evidence for a special role of the coherent CDW state coupling to SC. Furthermore, the change in *T*~c~ provides important information on the nature of the pairing both within and outside of the long-range CDW state. Upon irradiation above the critical dose, *T*~c~ continuously decreases down to the largest dose applied, suggesting a substantial degree of gap anisotropy. The low-temperature London penetration depths of three post-irradiated samples consistently show exponentially saturating behaviour below 0.2 *T*~c~, with gaps that increase with disorder and are therefore consistent with this picture.

Results {#Sec2}
=======

Effect of electron irradiation on resistivity {#Sec3}
---------------------------------------------

Electron irradiation (maximum dose of 8.93 C cm^−2^) effectively introduces artificial disorder into the system, resulting in the substantial increase of residual resistivity in the normal state, as shown in Fig. [1](#Fig1){ref-type="fig"}. Above 40 K without long-range CDW order, the increase of resistivity is rather constant. However, near and below 40 K, a violation of Matthiesen's rule was observed due to the presence of the CDW phase. For cases with high doses of irradiation (\>1.0 C cm^−2^) where the CDW feature in resistivity was completely suppressed due to disorder, Matthiesen's rule was obeyed over the entire temperature region of the normal state. To investigate how effectively the electron irradiation introduces disorder, the in-situ resistivity of sample R1 was measured during the irradiation at 22 K (inset of Fig. [1](#Fig1){ref-type="fig"}). It increases monotonically with increasing dose of irradiation. The blue arrows indicate when the irradiation stopped and room-temperature annealing occurred. About 30--40 % annealing occurred for each case. For each dose (blue arrows), the sample was removed from the irradiation chamber and moved to a different cryostat for measurement of the temperature-dependent resistivity as shown in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}.Fig. 1Temperature dependence of resistivity upon electron irradiation. Resistivities of four different samples: R1 (0, 0.23, 0.47, 0.72, 0.95, 1.18, 1.4, 1.7, and 2.4 C cm^−2^), R2 (0, 1.57 C cm^−2^), R3 (0, 3.67 C cm^−2^), and R4 (0, 4.18 C cm^−2^). Note that all 0-dose curves for samples R1, R2, R3, and R4 are coincident. Overall resistivity increase with increasing dose was consistently seen for all samples, as shown by the arrows. The inset shows in-situ measurement of resistivity of sample R1 as a function of dose during electron irradiation at 22 K. The blue arrows indicate stops in irradiation, during which the sample was extracted from the irradiation chamber and characterized. Partial annealing of about 30--40% of resistivity increase occurred on warming the sample to room temperature and subsequently cooling down to 22 KFig. 2Resistivity measurement conducted on sample R1. **a** The temperature dependence of resistivity upon irradiation. Overall, the resistivity above the CDW transition was parallel-shifted upward suggesting that preservation of Matthiessen's rule only occurs above the transition (see text for further discussion). **b** The zoom of superconducting transition area shows the increase and subsequent decrease of *T*~c~ upon irradiation. **c** Δ*ρ*~(*T*=7.6*K*)~ − Δ*ρ*~(*T*=40*K*)~ shows the disappearance of the CDW above 1.0 C cm^−2^. **d** The derivative of resistivity with respect to temperature manifests the location of the CDW transitions

With increasing irradiation dose, both the superconducting and CDW phases were substantially affected. As shown in Fig. [2(a)](#Fig2){ref-type="fig"}, *T*~CDW~ (kink feature marked by an arrow) decreases with increasing irradiation and disappears after 1.0 C cm^−2^. The behaviour of the CDW feature is more clearly shown in a plot of *dρ*/*dT* vs. temperature (Fig. [2(d)](#Fig2){ref-type="fig"}). The important fact is that the feature associated with the CDW transition disappears at a finite temperature of 27 K, instead of continuing down to zero Kelvin. This result suggests the absence of a quantum critical point with disorder, in contrast to the previous pressure study by Feng et al.^[@CR29]^. Figure [2(b)](#Fig2){ref-type="fig"} is an enlargement of the low-temperature part of Fig. [2(a)](#Fig2){ref-type="fig"} that shows the change of *T*~c~. It is clearly seen that *T*~*c*~ initially increases and then decreases upon irradiation. All the values of *T*~c~ and *T*~CDW~ for sample R1 are summarized in Fig. [3](#Fig3){ref-type="fig"} along with *T*~c~'s from other samples (R2, R3, R4, P1, P2, P3). The *x*-axis of Fig. [3](#Fig3){ref-type="fig"} is the increase of resistivity at 40 K, Δ*ρ*~(*T*=40*K*)~, upon irradiation (representing increased disorder). With increasing dose of irradiation up to 1.0 C cm^−2^ (Δ*ρ*~(*T*=40*K*)~ = 7.3 μΩ cm), *T*~c~ gradually increases from 7.25 K to 7.45 K, and then starts decreasing back to 7.3 K, whereas *T*~CDW~ monotonically decreases. Upon further irradiation, the feature associated with the CDW transition disappears and simultaneously *T*~c~ abruptly drops by 0.3 K, indicating strong correlation between SC and CDW phases. Note the mismatch between the maximum *T*~c~ and the disappearance of the CDW feature, suggesting a complex interplay between the two phases, potentially including other factors such as complicated Fermi surfaces. Upon further irradiation, *T*~c~ continues to decrease toward about 33% of its pristine value for the maximum electron dose of 8.93 C cm^−2^ (Δ*ρ*~(*T*=40*K*)~ = 61 μΩ cm) as shown in the full phase diagram in Supplementary Figure [1](#MOESM1){ref-type="media"}.Fig. 3Temperature versus Δ*ρ*~(*T*=40*K*)~ phase diagram upon electron irradiation. For low doses of irradiation up to 1.0 C cm^−2^, *T*~c~ varies non-monotonically, whereas *T*~CDW~ monotonically decreases. When the resistivity feature of CDW disappears around 1.0 C cm^−2^ (shown in Fig. [2(b,d)](#Fig2){ref-type="fig"}), *T*~c~ suddenly drops by 0.3 K, indicating strong correlation between SC and CDW phases. Upon further irradiation, *T*~c~ monotonically decreases. The full phase diagram up to the highest dose of 8.93 C cm^−2^ is shown in Supplementary Figure [1](#MOESM1){ref-type="media"}. Hall resistivity is measured in two samples H1 and H2 (Fig. [6(a,b)](#Fig6){ref-type="fig"}). Two blue arrows in *x*-axis indicate their locations in the phase diagram, based on the increase in resistivity (Fig. [6(c,d)](#Fig6){ref-type="fig"})

Effect of electron irradiation on the London penetration depth {#Sec4}
--------------------------------------------------------------

Figure [4](#Fig4){ref-type="fig"} shows the temperature dependence of the London penetration depth (Δ*λ*) of P1, P2, and P3 samples upon irradiation. The low-temperature saturation is clearly seen below 0.2 *T*/*T*~c~ for all samples before and after irradiation, suggesting the presence of *s*-wave type superconducting gaps. Interestingly, the saturation tendency gets stronger after irradiation, suggesting that the initial anisotropic gaps get more isotropic due to the gap-smearing effect of point-like disorder. Note that the irradiation doses shown correspond to residual resistivities Δ*ρ* beyond the initial enhancement of *T*~c~ due to competition with the CDW phase, so a uniform enhancement of the superconducting gap is not the main cause of the saturation in Δ*λ*. In addition, a substantial decrease of *T*~c~ from 7.25 K to 4.8 K (about 33% decrease) was found in sample P3 upon 8.93 C cm^−2^. These *T*~c~ suppressions of three samples (P1, P2, P3) are summarized in Fig. [3](#Fig3){ref-type="fig"}. Since we cannot directly obtain *ρ*~(*T*=40*K*)~ for P1, P2, and P3, we used the relation between dose and Δ*ρ* obtained from transport-measured samples (R1, R2, R3, and R4) as shown in Supplementary Figure [2(a)](#MOESM1){ref-type="media"}. The substantial decrease of *T*~c~ and exponential-like saturation of Δ*λ* can be explained with multiband *s*-wave type superconducting gaps with some amount of interband coupling.Fig. 4Temperature dependence of London penetration depth Δ*λ* upon electron irradiation. Results of three samples before and after irradiation: P1 (0 and 1.77 C cm^−2^), P2 (0 and 3.47 C cm^−2^), and P3 (0, 3.34, and 8.93 C cm^−2^). **a** Wide temperature span of Δ*λ* that shows a substantial decrease of *T*~c~ upon irradiation. **b**--**d** The low-temperature part of Δ*λ* of **b** P1, **c** P2, and **d** P3 samples before and after irradition. All data clearly show the saturating behaviour below 0.2 *T*/*T*~c~, supporting the presence of *s*-wave type superconducting gaps

Phase diagram upon electron irradiation {#Sec5}
---------------------------------------

Figure [3](#Fig3){ref-type="fig"} shows the temperature versus Δ*ρ*~(*T*=40*K*)~ phase diagram of SC and CDW upon electron irradiation obtained from seven samples. Upon initial irradiation up to 1.0 C cm^−2^, an anticorrelation of *T*~CDW~ and *T*~c~ was observed, which is most naturally interpreted in terms of strong competition between SC and CDW phases. However, after *T*~c~ reaches its maximum, both *T*~CDW~ and *T*~c~ decrease until the CDW phase abruptly disappears at a critical irradiation dose of 1.0 C cm^−2^, where *T*~c~ also drops discontinuously. The simplest explanation of the non-monotonic behaviour of *T*~c~ in the CDW coexistence phase is that the initial increase is due to the competition between SC and CDW phases. The effect of disorder on this competition was studied already by Grest et al.^[@CR33]^ and Psaltakis et al.^[@CR42]^. Within this weak coupling approach, non-magnetic disorder suppresses the CDW rapidly, and since the CDW order is competing with SC for the Fermi surface, *T*~c~ increases. Note that these theoretical calculations assume an isotropic *s*-wave gap; within their approximations, *T*~c~ would have saturated when the CDW order vanishs, due to Anderson's theorem. However, it is clear from Fig. [3](#Fig3){ref-type="fig"} that disorder continues to suppress *T*~*c*~ long after the CDW order is gone; this implies that the *s*-wave gaps have quite different amplitudes (and, possibly, anisotropy) and substantial interband pairing. Furthermore, as shown in Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}, we found from the Hall resistivity and X-ray scattering that a short-range CDW phase survives long after the critical dose of 1.0 C cm^−2^.Fig. 5High-energy X-ray diffraction measurement of the CDW Bragg peak (1 + *τ* 0 0) with *τ* = 1/3. Results of two NbSe~2~ samples (X1: pristine, X2: 1.7 C cm^−2^). **a**,**b** Diffraction patterns of X1 and X2 recorded by the two-dimensional detector in the (*H K* 0) plane with intensity encoded in a linear color scale for each detector pixel. **c**,**d** Cuts along the longitudinal direction *Q*~*x*~, integrated along the transverse direction *Q*~*y*~ and normalized to the integrated intensity I~(100)~ of the weak (1 0 0) Bragg peak of the regular chemical lattice which is three orders of magnitude less intense than the strong (1 1 0) Bragg peak. The bars represent the instrumental resolution full-width half-maximum determined from the (1 0 0) Bragg peak. **e** Temperature dependence of the normalized integrated intensity of the CDW Bragg peakFig. 6Temperature dependence of Hall resistivities of two NbSe~2~ samples measured under 9 T. **a** Sample H1 before and after 1.0 C cm^−2^ irradiation and **b** sample H2 before and after 1.6 C cm^−2^ irradiation. **c**,**d** In-field resistivities were also measured for both samples that clearly show the increase of disorder: Δ*ρ*~(*T*=40*K*)~ = 5.5 and 10.5 μΩ cm for samples H1 and H2, respectively

X-ray diffraction upon electron irradiation {#Sec6}
-------------------------------------------

Figure [5](#Fig5){ref-type="fig"} shows the characterization of the CDW of samples X1 (pristine) and X2 (1.7 C cm^−2^) by high-energy X-ray diffraction. The structure of NbSe~2~ consists of layers of Nb atoms surrounded by six Se atoms and the Nb atoms located in the corners of the hexagonal unit cell^[@CR43]^. The CDW displaces the six nearest Nb neighbors of every third Nb atom, yielding a superstructure with tripling of the unit-cell dimensions in both *a* and *b* directions, and corresponding propagation vectors (*τ* 0 0) and (0 *τ* 0) with *τ* = 1/3^[@CR44]^. For both samples, the CDW Bragg peaks are observed in all measured Brillouin zones at low temperature. The CDW Bragg peaks are resolution limited, as illustrated in Fig. [5(a, c)](#Fig5){ref-type="fig"} for sample X1, whereas they show a significant broadening in panels (b) and (d) for sample X2, which is temperature-independent. Note that the intensity scales in panels (a) and (c) are about seven times larger than those in panels (b) and (d). From the peak widths determined by Gaussian fits to the cuts shown in Fig. [5(c, d)](#Fig5){ref-type="fig"}, the correlation length of the CDW is estimated to be about 80 Å for the irradiated sample X2 and a lower limit of 200 Å for the pristine sample X1. The temperature dependence of the normalized integrated CDW Bragg peak intensity shown in Fig. [5(e)](#Fig5){ref-type="fig"} represents the square of the CDW order parameter and is clearly consistent with a second-order phase transition at *T*~CDW~ = 33 K and long-range order for sample X1. In contrast, the CDW intensity of the irradiated sample X2 increases continuously with decreasing temperature without a clear onset, indicating a crossover like behaviour. Together with the reduced correlation length, it is clear that the CDW manifests only short-range order in the irradiated sample X2, although the strength of the CDW is almost similar to the pristine sample X1 with the integrated Bragg peak intensity only reduced by 65% at low temperature.

The CDW appears in the same manner with comparable strength in irradiated samples but with a reduced correlation length. The irradiation induced defects likely form barriers or pinning centers for boundaries of the CDW state and prevent a coherently ordered state beyond these defects when the CDW state develops with decreasing temperature. The crossover-like temperature dependence of the short-range CDW without a clear onset observed for the sample X2 is consistent with the lack of a well-defined feature or signature of the CDW in transport measurements for samples with radiation levels above the critical dose of 1.0 C cm^−2^.

Hall resistivities upon electron irradiation {#Sec7}
--------------------------------------------

Hall resistivities were measured for samples H1 and H2 as shown in Fig. [6(a, b)](#Fig6){ref-type="fig"}. For sample H1, two measurements were conducted before and after irradiation with 1.0 C cm^−2^ and for sample H2 before and after irradiation with 1.6 C cm^−2^. First of all, the Hall resistivity of both pristine samples shows a sign change below *T*~CDW~ = 33 K, consistent with previous reports^[@CR45],[@CR46]^. This indicates an increase of mobility in the CDW phase, consistent with previous reports in resistivity and Nernst effect^[@CR46]^, due to an opening of the pseudogap^[@CR47]^. The change of in-plane resistivity, *ρ*~*xx*~, as shown in panels (c) and (d), was used to accurately calibrate the amount of disorder, yielding Δ*ρ*~(*T*=40*K*)~ = 5.5 μΩ cm for sample H1 and 10.5 μΩ cm for H2. These values allow us to place the samples before and after the critical transition, respectively, as shown in the phase diagram (blue arrows in *x*-axis) of Fig. [3](#Fig3){ref-type="fig"}. The CDW transition is clearly seen for sample H1 in Fig. [6(a)](#Fig6){ref-type="fig"}, consistent with the observation of a feature in the resistivity derivative. For sample H2, however, the feature at the CDW transition almost disappears in Fig. [6(b)](#Fig6){ref-type="fig"}, although a slight slope change can be noticed at 30 K. This is consistent with the disappearance of the long-range CDW feature (resistivity) and the presence of a short-range CDW (X-ray scattering) above the critical dose. Another important fact is that the Hall resistivity above 40 K did not change upon irradiation. This implies that the defects introduced by electron irradiation do not change the electronic carrier density above 40 K, but only increase the scattering rate.

Discussion {#Sec8}
==========

Evidence for an anisotropic superconducting gap in NbSe~2~ is provided, e.g., by STM measurements, which show a significantly broadened gap edge^[@CR12]^. In addition, the flattening of the low-*T* penetration depth upon irradiation at doses corresponding to the pure superconducting phase is evident in Fig. [4](#Fig4){ref-type="fig"}. As the smallest gap in the system will determine the asymptotic low-*T* exponential dependence, it suggests that the disorder increases the minimum gap, i.e., gap averaging. The non-monotonic behaviour of *T*~c~ in the CDW/SC coexistence phase can therefore be understood simply by assuming that the effect of losing competition from the CDW is overcome by the gap averaging effect before the CDW disappears. It should be noted, however, that the behaviour with pressure is also non-monotonic^[@CR31]^ In this case, the reason for the continued suppression of *T*~c~ is less obvious and the pressure dependence of the couplings of various phonons may be necessary to explain the complete behaviour quantitatively.

The possibility of a first-order transition at the disappearance of CDW order is also intriguing and recalls the question of the CDW mechanism. A simple Fermi surface nesting model^[@CR48]^ fails to explain the CDW ordering vector and is therefore not appropriate for NbSe~2~^[@CR20],[@CR49]^. Similarly, a saddle point-driven CDW instability proposed by Rice and Scott^[@CR50]^ has been ruled out by ARPES^[@CR51]^. However, a generalized Fermi surface nesting model, which includes the strong anisotropy in the electron-phonon matrix elements, does capture the correct CDW ordering vector^[@CR21],[@CR52]^. The generalized Fermi-surface nesting model is still effectively a weak coupling model, where a strong momentum dependence of the electron-phonon matrix elements modifies the peak position of the charge susceptibility. Hence, from a weak coupling perspective, a disorder-driven first-order transition, as apparently observed here, appears to be a natural one. This is because the CDW is a Stoner-type instability, where with increasing disorder the charge susceptibility at the ordering vector should drop below a critical value corresponding to ordering.

Observation of a quantum critical point under pressure might be taken as evidence against the idea of a first-order transition^[@CR29]^. However, one should keep in mind that pressure also changes the bare electronic structure, which does not happen in case of point-like impurities. Disorder is often thought to drive a first-order transition, e.g. in the manganites^[@CR53]^. We note that Chatterjee et al.^[@CR22]^ deduced a smooth decay of CDW order with chemical substitution, but in fact their data are entirely consistent with ours because of the relatively small number of doping levels studied in that work.

We cannot definitively rule out the possibility that the feature observed in transport, here identified as the signature of long-range CDW order, simply becomes too weak to observe because of broadening due to significant short-range fluctuations, as observed in Chatterjee et al.^[@CR22].^ However, our new observation of a concomitant abrupt drop in *T*~c~ suggests that a thermodynamic transition is indeed taking place at this critical value of disorder. Unlike incommensurate CDW systems, commensurate CDW transitions as in NbSe~2~ in the presence of quenched disorder may occur^[@CR54]^. The ordered phase in such a situation breaks translational symmetry discretely, so that a second-order transition with exponents dependent on the order of the commensurability is allowed, but this can be preempted by a first-order transition, as apparently observed here.

We investigated the interplay between CDW and SC phases in 2*H*-NbSe~2~ by measuring in-plane resistivity, Hall resistivity, X-ray scattering, and London penetration depth before and after electron irradiation. Upon initial irradiation, *T*~c~ increased from 7.25 K to 7.45 K and then decreased, whereas *T*~CDW~ monotonically decreased. This indicates a complex interplay between two phases with potential other factors such as a complicated Fermi surface. Upon further irradiation, the feature associated with the CDW transition disappeared at finite temperature. When the CDW feature disappears, *T*~c~ abruptly drops by 0.3 K, indicating strong correlation between two phases and suggesting a first-order, disorder-driven phase transition. Further irradiation up to 8.93 C cm^−2^ effectively and monotonically decreased *T*~c~ down to 4.8 K (about 33% of its pristine value), suggestive of the averaging of an anisotropic *s*-wave superconducting order parameter. According to X-ray scattering and Hall resistivity studies, the short-range CDW is still present after the critical dose of \~1.0 C cm^−2^ (\~7.3 μΩ cm), indicating that the effect of electron irradiation decreases the coherence of the CDW phase. The low-temperature penetration depth shows exponential-like behaviour below 0.2 *T*/*T*~c~ for all samples before and after irradiation. The combined results of resistivity and penetration depth can be explained with multiband anisotropic *s*-wave type superconducting gaps with some amount of interband coupling.

Methods {#Sec9}
=======

Crystal growth {#Sec10}
--------------

The single crystals of 2*H*-NbSe~2~ from Bell Laboratories were grown using the iodine vapor transport technique and are known to be of high quality (RRR \~40). These are the samples from the same batch as used in Ref. ^[@CR23]^.

Four-probe resistivity {#Sec11}
----------------------

Four-probe measurements of in-plane resistivity were performed for four samples (R1, R2, R3, and R4). Samples for resistivity measurements had typical dimensions of (1--2) × 0.5 × (0.02--0.1) mm^3^. Electrical contacts to samples before irradiation were made by soldering 50 μm silver wires with indium and mechanically strengthened by silver paste as described elsewhere^[@CR55]^. For in-situ resistivity measurements during the electron irradiation at 22 K, the R1 sample was mounted on a Kyocera chip and measured during irradiation.

Hall resistivity {#Sec12}
----------------

Simultaneous Hall effect and resistivity measurements were performed on samples H1 and H2 mounted in five-probe configuration using the same contact making technique as in resistivity measurements. Measurements were taken in a Quantum Design PPMS in constant magnetic fields + 9 T and − 9 T. The same samples with the same contacts were measured before and after irradiation, thus excluding geometric factor errors in quantitative comparison.

London penetration depth {#Sec13}
------------------------

The in-plane London penetration depth Δ*λ* (*T*) of three other samples (P1, P2, and P3) was measured before and after irradiation using a self-oscillating tunnel-diode resonator technique^[@CR56]--[@CR58]^. The samples had typical dimensions of 0.5 × 0.5 × 0.03 mm^3^.

X-ray diffraction {#Sec14}
-----------------

The high-energy X-ray diffraction study was performed at station 6-ID-D at the Advanced Photon Source, Argonne National Laboratory. The use of X-rays with an energy of 100.5 keV minimizes sample absorption and allows to probe the entire bulk of the sample using an incident beam with a size of 0.5 × 0.5 mm^2^, over-illuminating the sample. The samples were held on Kapton tape in a Helium closed-cycle refrigerator and Helium exchange gas was used. Extended regions of selected reciprocal lattice planes were recorded by a MAR345 image plate system positioned 1468 mm behind the sample as the sample was rocked through two independent angles up to ± 3.2° about axes perpendicular to the incident beam^[@CR59]^.

Electron irradiation {#Sec15}
--------------------

The 2.5 MeV electron irradiation was performed at the SIRIUS Pelletron facility of the Laboratoire des Solides Irradies at the Ecole Polytechnique in Palaiseau, France^[@CR60]^. The acquired irradiation dose is conveniently measured in C cm^−2^, where 1 C cm^−2^ = 6.24 × 10^18^ electrons/cm^2^.
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